Introduction
Genetic influences explain a large proportion of variation in inter-individual differences in sleep (1) . Whilst some individuals have no difficulties sleeping, others may be genetically sensitive to experiencing poor sleep quality. According to one set of estimations, at least some degree of sleep disturbance affects approximately 30% of the adult population, and around 6% experience more severe symptoms consistent with a diagnosis of insomnia (2) . As such, investigating factors influencing poor sleep quality is essential.
Studies assessing genetic factors influencing sleep are becoming more common. From a quantitative genetic viewpoint, twin studies have demonstrated that genetic influences account for around 30-50% of the variance in several aspects of subjectively defined sleep (3) (4) (5) (6) (7) (8) (9) (10) (11) . Moreover, molecular genetic studies have begun to identify DNA sequence variations related to sleep-wake behaviour (12) (13) (14) (15) (16) (17) (18) (19) . While these studies demonstrate the genetic components of certain sleep phenotypes (traits), research has also highlighted the importance of investigating the role of lifestyle factors and environmental influences such as stressful and negative life events in the occurrence of sleep problems (19) (20) (21) (22) (23) . A common conceptualisation of life events is to categorise them as dependent and independent, according to the controllability of such events (24) . Dependent negative life events can be defined as those that an individual has some degree of control in bringing about (examples included in this category are financial or relationship problems). Independent negative life events are defined as those not influenced by an individual's behaviour (examples considered in this category include death of a relative or having something valuable lost or stolen).
Indeed, a variety of negative life events have been associated with sleep problems (21, (25) (26) (27) . Although it is clear that both controllable and uncontrollable events have 4 negative consequences on sleep it is possible that these distinct types of negative life event are associated with sleep differentially. Other phenotypes, such as depression, have been found to be associated differentially with dependent and independent negative life events (28, 29) . Understanding more about the associations between these distinct types of negative life events and sleep quality is important because it may provide an insight into the possible mechanisms acting between sleep and the environment.
Gene-environment correlation (rGE)
Although genetic and environmental factors may work independently to some extent, extensive research has investigated the interplay between genetic and environmental influences (30) . This work has been highly influential with regards to a range of traits (such as depression: 31, 32, and anxiety: 33), yet research assessing the explicit links between genetic and environmental influences focused on sleep is scarce. Gene-environment correlation (rGE) is found when the genes influencing one trait, either directly or via intermediate variables, influence exposure to specific environments. As such, it has been suggested that genetic propensities to some extent shape our environmental experiences (34) . Given the associations between sleep and negative life events it is possible that the genes influencing poor sleep quality also influence exposure to high risk environments. Indeed, certain environmental influences, such as dependent negative life events, show some degree of genetic influence (35) (36) (37) (38) (39) , which suggests rGE. Analysing genetic liability to both sleep disturbance and the environmental stressors associated with sleep disturbance allows the detection of rGE. Finding overlap in the genetic influences attributable to several traits provides useful information about their aetiology. Specifically, here it would 5 suggest that environmental risk factors for poor sleep quality are, in part, genetically driven by the same genes as those influencing sleep quality.
Gene-environment interaction (GxE)
In addition to the possibility of gene-environment correlations, recent genetic research has highlighted the importance of assessing the interaction between genes and environments in understanding the occurrence of traits (for example, see 40, 41) .
Gene-environment interaction (GxE) can be described as the moderation of genetic risk in the presence of an identified environmental stressor. If the genetic propensity to a trait is only apparent under certain environmental conditions, ignoring concurrent environmental influences may result in incorrectly concluding that there is little or no genetic influence on that trait. Studies estimating GxE thus enable researchers to determine whether genetic risk is modifiable by exposure to specific measured environmental influences. This information may then guide molecular genetic research aimed at identifying specific genes and environments involved in the trait under study. Despite a growth of research assessing GxE for a number of psychological and behavioural traits, there is a dearth of research focussing on GxE in relation to sleep quality. One study to date has found that a polymorphism of the serotonin gene (5HTTLPR) is associated with poor sleep quality, but specifically only in individuals experiencing chronic stress -conceptualised in the study as caregiving (19) . What is unclear, however, is whether exposure to other negative life events has a modifying effect on the genetic and environmental factors influencing sleep. Negative life events have been identified as significant environmental stressors which modify genetic risk for a number of psychological problems, such as depression and anxiety (31, 33, (42) (43) (44) and externalising behaviours (45) . Whether such environmental stressors have a similar effect on sleep quality is in question.
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Current aims Using a sample of young adult twins, the present study aimed to estimate whether genetic and environmental influences on sleep quality are correlated with, and vary as a function of, exposure to dependent and independent negative life events.
First, we assessed the phenotypic associations between dependent and independent negative life events and sleep quality, in order to ascertain whether those life events under which one has some control (dependent) are more strongly associated with sleep problems than those under which one has no control (independent). Second, we examined the extent to which genes and environments accounted for individual variation in dependent negative life events. Third, we assessed the degree of overlap in the genetic and environmental influences accounting for the association between dependent negative life events and sleep quality to provide support for rGE. Finally, we assessed a model of GxE (in the presence of rGE) to determine whether the extent to which genetic and/ or environmental influences on sleep quality is moderated by increasing exposure to dependent negative life events.
Method Sample
The present analyses focus on wave 4 of the G1219 and G1219Twins longitudinal studies -the first wave in this study to assess sleep. G1219 initially comprised adolescent offspring of adults from a large-scale population-based study (46) In the whole G1219 sample, levels of parental education were somewhat higher (39% educated to A-level or above) than in a large nationally represented sample of parents (49), where 32% were educated to A-level or above. G1219 parents were also somewhat more likely to own their own houses (82%) than in the nationally representative sample (68%). To reduce the impact of any initial response bias associated with educational level, the sample was re-weighted to match the distribution of educational qualifications in a nationally representative sample of parents (49).
Measures

Sleep Quality
Sleep disturbance over the past month was assessed using the Pittsburgh Sleep Quality Index (PSQI: 50), which is a widely-used questionnaire measure containing 18 items. The PSQI global score is used here as an overall measure of sleep quality.
The scale has a range of 0-21 with higher scores indicating poorer sleep quality. The PSQI has demonstrated good psychometric properties, (50, 51) . For the present sample a = .71. The PSQI has also been shown to correspond to other self-report measures of sleep (e.g. 51) .
Dependent and Independent Negative Life Events
Negative life events were assessed using items from the 'List of Threatening Experiences' (52) and the 'Coddington Stressful Life Events Scale' (53) . Participants are required to respond to these checklists by indicating whether or not they have experienced a particular negative life event in the last year. Dependent and independent negative life events were classified according to whether it is likely that their occurrence is the consequence of an individual's behaviour (24) . This distinction between life events has been used in previous studies as well as other papers from the G1219 study (28, 33) . Both scales were standardized prior to analysis so that we could interpret changes in variance components across levels of negative life events as deviations from the mean rather than absolute values.
Background of Genetic Analyses
Twin studies compare the similarity within monozygotic (MZ) twin pairs to the similarity within dizygotic (DZ) twin pairs to estimate genetic influences on traits.
Since MZ twins share 100% of their genes while DZ twins and siblings share on average half of their segregating genes, this information can be used to estimate the 9 relative contribution of four sources of variance impacting on a trait: additive genetic influences (A) (where alleles at a locus 'add up' to influence behaviour); non-additive genetic effects (D) (where one allele at a locus dominates to influence behaviour); shared environmental influences (C) (environmental influences that act to make twins similar); and non-shared environmental influences, (E) (environmental influences acting to make twins within a pair different). Of note, it is not possible to model both non-additive genetic effects and shared environmental effects simultaneously. This is because C and D predict different MZ and DZ twin correlation ratios and the effect of both is confounded if examined together (54) . Thus, these effects are examined in separate models (i.e., either by an ACE or ADE model) as appropriate. If the correlation between MZ pairs for a trait is greater than that of DZ/sibling pairs, additive genetic influence may be important for that trait. If, however, the MZ twin pair correlation is more than twice that of the DZ twin/sibling pairs, non-additive genetic influence may be playing a role.
Statistical Analyses
All analyses were performed using the statistical package, Mx (55), a widely used programme for analyzing genetically sensitive data, using the method of maximum likelihood estimation. Mx accounts for the non-independence of twin data and incorporates a weight to account for selection bias and attrition. Prior to analysis data were regressed on age and sex as is standard in twin modelling (56) . First, we assessed the degree of association between dependent and independent negative life events and sleep quality using intra-class correlations. Second, univariate models were run which determine the extent to which genetic and environmental influences impact on dependent negative life events. As a univariate analysis of sleep quality has already been conducted on the present sample (see 5, 6 ), this was not assessed here. Third, we ran bivariate correlated factors models (which allow the influences on one trait [e.g.
additive genetic] to correlate with those on another trait) in order to determine the extent to which genetic and environmental influences accounted for the association between dependent negative life events and sleep quality, and the degree of overlap in these sources of influence between the traits (see supplementary figure Figure A) .
This enables us to assess whether genetic and environmental influences are shared between dependent negative life events and sleep quality -which would suggest the presence of rGE. Note that an analysis of independent negative life events and sleep quality was not assessed as the phenotypic correlation was considered too small (r = .15) to be decomposed meaningfully into genetic and environmental influences. 
Model Fitting Information
To assess the fit of the genetic models the fit statistic for these models was between the sexes are significant, the effect sizes are small (d =.18 and d =.07 for dependent and independent negative life events, respectively). It is therefore unwise to place too much emphasis on this difference. There were no significant differences between the sexes on sleep quality.
Results
Descriptives
[Insert Table 1 here]
Phenotypic and twin correlations
The phenotypic correlations (Table 2) indicated that experiencing more dependent and independent negative life events was significantly associated with poorer sleep quality. This effect was significantly stronger for dependent negative life events compared to independent negative life events (p<.05). The cross-twin withintrait correlations suggest that genetic influences are more important for dependent as opposed to independent negative life events. The cross-twin cross-trait correlations for MZ twins were more than double that of the corresponding DZ and sibling correlations for both the association between dependent negative life events and sleep quality, and independent negative life events and sleep quality, suggesting a role for non-additive genetic influences in explaining the associations between traits.
However, as the phenotypic association between independent negative life events and sleep quality was small (r = .15) power to decompose the association into genetic and environmental influences was limited and so further analysis of this association was not undertaken.
[Insert Figure 1 displays the total unstandardized variance components across levels of standardized dependent negative life events. However, given that this non-shared environmental path was not significant in the model including all moderating terms this finding should be interpreted with caution.
[Insert Figure 1 here]
Discussion
There were several noteworthy findings from the present study. First, we found that the association is greater between dependent (as compared to independent) negative life events and sleep quality. Second, we found substantial genetic influence on dependent negative life events, consistent with previous findings (35) (36) (37) (38) (39) . Third, there was substantial overlap in the genes influencing poor sleep quality and those influencing dependent negative life events, suggesting gene-environment correlation.
Finally, we found that dependent negative life events did not moderate genetic liability to sleep quality. Before discussing these findings in more detail, the limitations of the present study are outlined.
Limitations
Our first set of limitations regard our sample. Sleep quality in our sample was assessed in the full range, rather than in a clinical sample of individuals with insomnia. It is possible that the influence of genes and environments on sleep may differ at the extremes and so it would be useful for the present findings to be confirmed in a clinical sample. However, obtaining a clinical sample of twins large enough to perform a genetic decomposition of a trait may be difficult. Furthermore, contrary to much of the previous literature (for example, see 2) we found no sex differences in sleep quality. Whilst this finding was unexpected, this result conforms with other reports which have not found evidence for statistically significant sex differences in global sleep quality score measured by the PSQI (59) (60) (61) (62) . An additional limitation regards our use of twins in the present study. Although this is necessary in order to estimate the extent of genetic and environmental influences on traits and their interactions, there are arguments to suggest that twins may not be representative of the general population (34) . This point should be considered when drawing conclusions about the general population from twin data although it is noteworthy that research suggests that twins and non-twins do not appear to differ on measures of insomnia and other psychiatric symptoms (63) .
A second limitation regards measurement. Self-report measures were used to assess both negative life events and sleep quality. However, the checklist nature of the negative life events measure meant that the respondents of this measure were less likely to suffer recall bias, since participants were simply required to indicate the presence or absence of a given event. Furthermore, the distinction between dependent and independent negative life events was determined by the authors by considering the "controllability" of the events. It is possible that the controllability could be perceived differently in individual cases. For example, we categorised 'death of a parent' as an independent, uncontrollable, event. In certain situations it is possible that an individual may feel partly responsible for such events (e.g. by causing stress to his/ her parents). Although a caveat of the present study, this method of assessment of dependent/ independent life events is standard and well accepted in the life event and depression literature (24, 29, 33, 64, 65) , and has been used in previous papers from the G1219 study (28, 43) . An additional consideration is that the distinction between dependent and independent negative life events based on the "controllability" of the items may be confounded by the severity of the items included in the scales. To address this issue, 6 independent researchers rated the severity of the items included in both scales on a 7-point scale (1 = not very severe, to 7 = very severe) to determine whether there were systematic differences between them in terms of severity.
Although both measures contain items that are very severe and others that are less severe, results suggest that there are systematic differences between the scales in terms of severity (dependent negative life events, average rating = 4.71, SD = .97; independent negative life events, average rating = 5.89, SD = .58, t = -2.57, p = .03).
However, the severity of the items are not likely to explain the stronger associations between sleep and dependent as compared to independent life events (as the less severe scale -i.e. the dependent life events showed particularly strong associations with sleep, perhaps contrary to what would be expected).
Associations between dependent and independent negative life events and sleep quality Dependent negative life events were more strongly associated with poor sleep quality than independent negative life events. Although the cross-sectional nature of the current analyses meant that we could not delineate cause and effect, one tentative explanation could be that feelings of responsibility involved in creating dependent negative life events could hinder sleep through the worry and cognitive rumination of the negative events to a greater extent than do independent negative life events.
Indeed heightened cognitive arousal is known to disrupt sleep (66) , yet whether different types of negative life event do indeed lead to differential cognitive arousal requires exploration. However, the converse may also be true -that experiencing poor sleep quality leads one to experience more dependent negative life events. It is possible that experiencing poor sleep quality disrupts executive functioning in the prefrontal cortex which consequently interferes with decision making (indeed, induced sleep deprivation disrupts executive functioning and consequently, decision making processes (67) (33, 42, 43, 71) . Furthermore, results from our own team, including a paper from the G1219 study have found that the associations between sleep, anxiety and depression are partially explained by shared genes (72, 73) . Thus, it is possible that rather than via a direct pathway, the genes that influence sleep are shared with those influencing anxiety and depression which influence exposure to negative life events. Further exploration of the links between sleep and psychopathology is necessary to understand the mechanisms by which these variables are associated with negative life events, and longitudinal designs will enable us to determine the direction of the pathway between sleep and dependent negative life events.
Moderating effects of dependent negative life events on the genetic and environmental influences on sleep quality
We found no support for moderation of genetic effects on sleep quality by dependent negative life events. However, there was some evidence that non-shared environmental influences on sleep quality may be moderated by exposure to dependent negative life events. This would suggest that as one experiences more dependent negative life events, the non-shared environmental factors unique to sleep quality may increase in importance. In relative terms, this would indicate that genetic influences on sleep quality become less important at greater levels of negative life events. However, too much weight should not be placed on this finding as when using a more conservative approach the effect fell short of significance. Although our findings suggest that genetic factors on sleep quality in the normal range are not influenced by the experience of negative life events, this may not be the case in extreme populations. Indeed, the frequency of cases scoring high on the extremes of negative life events was very low, and so a significant gene-environment interaction may not have been detected for this reason. Similarly, the majority of our participants scored relatively low on our measure of sleep quality, since our sample was not drawn from a clinical population.
Overall, the present study suggests that the genetic and environmental influences on sleep quality are not entirely distinct, but work in concert via shared genes and intermediate variables. This should be considered in future research on the environmental origins of poor sleep quality. .30 (.20 -.40) .05
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